Introduction-Over the past ten years, ankyrin polypeptides have emerged as critical players in cardiac excitation-contraction coupling. Once thought to solely play only a structural role, loss-offunction variants in genes encoding ankyrin polypeptides have highlighted how this protein mediates the proper subcellular localization of the various electrical components of the excitationcontraction coupling machinery. A large body of evidence has revealed how the disruption of this localization is the primary cause of various cardiomyopathies, ranging from long QT syndrome 4, to sinus node disease, to more common forms of arrhythmias.
Introduction
The function of all excitable tissues and organs relies upon the proper, coordinated electrical response to a stimulus. This coordination depends on the spatial and temporal organization of individual electrical components within single cells-i.e. a neuron, cardiomyocyte, or pancreatic beta cell. Through the evolution of membrane ion channels, transporters, receptors, signaling proteins, and specialized cytoskeletal elements, the excitable cell has developed robust molecular machinery that exquisitely integrates these component parts into a dynamic electrical system. natural pacemaker, a highly coordinated cascade of electrical events is initiated. This cascade ultimately leads to the rhythmic contraction of the heart and proper perfusion of blood throughout the cardiovascular system [1;2] .
As the AP wavefront propagates through the heart it depolarizes the membrane potential (E m ) of the ventricular cardiomyocyte by opening voltage-gated sodium channels (Na v ) embedded in the sacrolemma (SL) membrane. This depolarization activates voltage-gated calcium channels (Ca v ). Ca 2+ entry though Ca v channels triggers further Ca 2+ release from internal sarcoplasmic reticulum (SR) Ca 2+ stores. The combined Ca 2+ influx into the cytosol raises free cytosolic [Ca 2+ ] ([Ca] i ) allowing Ca 2+ to activate myofilaments, thus causing contraction. For relaxation to occur, Ca 2+ must be rapidly and efficiently removed from the cytosol. The two largest contributors to Ca 2+ removal are the SR Ca ATPase (SERCA) and the Na/Ca exchanger (NCX). SERCA extrudes Ca 2+ out of the cytosol and sequesters it into the SR for release on the next beat [3] , while the (NCX) mediates Ca 2+ efflux out of the cell and into the extracellular space. As Na v and Ca V channels inactivate, the myocyte begins to repolarize, primarily via activation of a diverse family of voltage-gated potassium channels (K v ). Open K v channels mediate outward polarizing currents. This resets the membrane potential and returns the myocyte back to resting conditions, and the sequence is repeated upon the next AP. Even in this simplified example of EC coupling, the sequence and magnitude of each event are critical to proper cardiac function (See Figure 1 ). Disruption of any of these events may have devastating consequences at the level of the cell, organ, and/or organism [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The importance of Na + , Ca 2+ , and K + ion homeostasis in membrane excitability is well established (in the case of Ca 2+ , for more 125 years [17] ). With the advancement of voltageclamp and patch-clamp techniques, the role of single ion channels and transporters could be quantitatively studied. This enabled investigators to isolate the role each played in the varied electrical currents present in all excitable cells [18;19] . However, for all that was known regarding the contribution of individual channels and transporters, little was known regarding the importance of their specific subcellular localization. In 1987 Rios and Brum highlighted the significance of proper cellular organization by demonstrating that proper Ca 2+ release in the skeletal muscle requires a direct coupling of the SL Ca channel with the SR-bound Ca release channel, ryanodine receptor (RyR) [20] , suggesting a high degree of protein compartmentalization. Disruption of this complex effectively destroys skeletal muscle contractility. Subsequent studies would show similar importance of subcellular localization of the electrical components and regulatory molecules of the EC coupling machinery in the heart [21] [22] [23] [24] [25] [26] .
Despite the obvious importance of proper subcellular localization, a critical, unanswered question remained: how does a myocyte properly traffic, target and retain each of these constituent parts to the appropriate subcellular domain? Over the past 15 years this question has become an area of expanding research. This emerging field is yielding interesting and surprising answers while unmasking unique human disorders and potentials for new therapies in the fight against many excitable cell diseases.
This review focuses on the role of the ankyrin family of adapter proteins in the coordination of the EC coupling machinery in the heart. Particular attention will be paid to disease states very recently linked to primary ankyrin dysfunction, such as ankyrin-B syndrome and SAN dysfunction, as well as current therapies in use. Additionally, this review will discuss recent findings demonstrating ankyrin-based regulation of the ion channel response to unique stimuli. Finally, we will review possible pathways for ankyrin targeting and trafficking within the heart and how this is regulated following myocardial infarction.
Ankyrin Genes and Structure
Ankyrin polypeptides have emerged as an unexpected and intimate player in EC coupling. For decades, ankyrin polypeptides were thought to solely play a structural role, based on initial studies of ankyrin-R (AnkR) in erythrocytes [27;28] . However, in the 1980's ankyrin expression was demonstrated in the brain, implicating a more general role in many tissues [29] . Indeed, ankyrins are now known to be present, and play unique roles, in tissues as varied as cardiac myocardium, photoreceptors, neurons, epithelial cells, and pancreatic beta cells. [30] [31] [32] [33] .
Much is known regarding the structure and genetic organization of ankyrin polypeptides [34;35] . Specificity of cellular and tissue expression is achieved through the alternative splicing of three ankyrin genes: ANK1 (encoding ankyrin-R), ANK2 (ankyrin-B), and ANK3 (ankyrin-G). Although it is known to be expressed in neurons and striated muscle [34;36;37] , AnkR is largely restricted to erythrocytes. Ankyrin-B (AnkB) and ankyrin-G (AnkG) are ubiquitously expressed and are the primary subtypes in the heart. All ankyrin subtypes share a high degree of homology [38] . Prototypically, ankyrin polypeptides are composed of four functional domains: the membrane-binding domain (MBD), the spectrinbinding domain (SBD), the death domain, and the regulatory C-terminal domain (CTD) [39] . Each of these domains plays a specific role in the function of the protein.
The MBD is a sequence of 24 ANK repeats comprising a suprahelical structure. The ANK repeat is a common motif within over one hundred vertebrate proteins and mediates proteinprotein interactions. In fact the ANK repeat is found in a host of critical cardiac and noncardiac proteins including ANKRD1 (CARP), transient receptor potential cation (TRPC) channels, and SH3 and multiple ankyrin (SHANK) repeat domains proteins. The MBD structure mediates the association of ankyrins with nearly all respective binding partners. The MBD binds to cell adhesion molecules thus conferring structural stability of the cell and tissue [34] . Critically, this domain also binds to integral membrane proteins including the NCX, the ATP-sensitive potassium channel (K ATP ), the Na/K ATPase (NKA), the voltage gated sodium channel (Na v 1.5), the inositol 1,4,5-trisphosphate receptor (IP 3 R) and the anion exchanger in many cell types, the cardiomyocyte included [35;40-43] . More importantly, the MBD acts as a multivalent binding domain. Thus, it plays a significant role in the subcellular coordination of functionally coupled proteins and their regulatory substrates to microdomains [26] .
As its name implies, the spectrin-binding domain binds the cytoskeletal protein β-spectrin and confers structural continuity between ankyrin-associated proteins and the cytoskeleton [44;45] . As with the MBD, the role of the SBD extends beyond structural integrity. In the heart, this domain also binds to the multifunctional protein phosphatase PP2A, a key regulator of EC coupling via its B56α subunit [46;47] .
Collectively, the death domain and CTD make up the ankyrin regulatory domain. This domain provides two unique functions. First, it regulates how integral membrane proteins (such as Na channels or the NCX) bind to the MBD, while also regulating ankyrin/spectrin interactions. Second, this domain is involved in the subcellular targeting of ankyrins to specific cellular domains [48] [49] [50] [51] [52] . The importance of the CTD for ankyrin function is highlighted by the fact that nearly all ankyrin-B human arrhythmia loss-of-function mutations are found within this domain [53;54] .
The significance of the ability of ankyrin polypeptides to coordinate the localization of functionally coupled proteins should be noted. Michaely et al. determined the crystal structure of the 24 ANK repeats of the MBD [55] . They determined that the axial length of this suprahelical segment was 132 Å, with a radius of only 45 Å. It can quickly be appreciated that the binding of functionally related proteins (such as NKA and NCX linked by [Na] i ) to such a small area would immediately attenuate any limitations introduced by diffusion. Even if one assumes 1:1 binding of the channels in the complex and then those being diametrically opposed, they would be no more than ~9 nm apart. This idea further extends to PP2A, CaMKII and K ATP localization within ankyrin-based complexes. Not only would functionally related proteins be spatially linked to a single microdomain, so would their regulatory substrates.
Ankyrin-B Syndrome
In 1995, linkage between a mutation on chromosome 4q25-27 and a rare form of long QT syndrome (LQTS) was described [56] . It would later be shown that this mutation leads to an A-to-G mis-sense mutation at base 4274 in the ANK2 gene, resulting in a glutamic acid to glycine substitution at residue 1425 (E1425G). This specific variant results in a loss-offunction of AnkB [57;58] . Notably, this was the first example of LQTS not associated with an ion channel mutation, confirming that ankyrin polypeptides play primary roles in cardiovascular disease states [59] .
The LQTS phenotype was initially characterized in a large French family with a history of unexplained sudden death [58] . Determined to be a unique form of LQTS (called LQTS 4), the disease is described by the common LQT-related phenotypes of prolonged rate corrected QT interval, syncope and risk of sudden death. However, beyond these typical LQTS signatures, LQTS 4 patients exhibited sinus node bradycardia and arrhythmia, delayed conduction or conduction block, catecholaminergic polymorphic ventricular tachycardia (CPVT), and idiopathic ventricular fibrillation. ECGs revealed high incidence of atrial fibrillation (AF), junctional escape rhythm, and a notched biphasic T wave [58] . Since the latter are atypical of LQTS, the combined cardiac phenotypes were later renamed "ankyrin-B syndrome" [53] . Since the initial discovery of the E1425G mutation, multiple other AnkB mutations (nine total) in additional families have been characterized; each demonstrating the same general phenotype, with varying degrees of penetrance and severity in the human population [54;57;58;60] . ANK2 loss-of-function variant carriers are generally treated with pacemakers and/or beta-blockers [58].
Ankyrin-B Syndrome and the EC Coupling Machinery
The cellular phenotypes of ankyrin-B syndrome can ultimately be traced to the disruption of the EC coupling machinery. Since in-depth studies on human myocytes are impractical, a mouse model of AnkB deficiency was developed. The mouse is heterogeneous for a null mutation in murine Ank2 (AnkB +/− ), and recapitulates many of the human phenotypes, including: a significant decrease in AnkB activity, sinus node bradycardia, and CPVT. Importantly, attempts to rescue the phenotype with expression of an exogenous GFP-tagged WT AnkB construct were successful, while exogenous expression of GFP-tagged AnkB containing the human E1425G mutation was not [54;58] .
While the NCX has been a known binding partner of AnkB, the critical importance of this association was only recently elucidated [26;61]. Along with NCX, AnkB binds to the Na/K ATPase. This complex is localized to the Z-line and coupled to the T-tubular domain. Together, these proteins are critical for Na and Ca homeostasis in cardiac EC coupling. Primarily, the NCX uses the energy of the Na + gradient to extrude Ca 2+ out of the cytosol during contraction. In turn, the Na/K ATPase actively pumps Na + out of and K + into the myocyte, thus establishing the useful chemical gradient. Both the Na/K ATPase and the NCX are down-regulated in AnkB +/− hearts. This shifts the balance of fluxes in favor of Na accumulation [62;63] . Much like the effects of cardiac glycosides on contraction, this results in increased SR Ca 2+ load ([Ca] SRT ), and increased contractility [64] . Critically, the loss of ventricular NCX and NKA is coupled with no change in L-type Ca 2+ current (I Ca,L ), the primary mode of Ca 2+ entry into the myocyte. Since decreased NCX results in a decreased ability to extrude Ca 2+ , on a beat-to-beat basis more Ca 2+ would enter the myocyte than would leave. Ca 2+ would quickly accumulate in the SR via SERCA-mediated uptake, leading to Ca 2+ overload at a new steady-state ( Figure 2 ).
The result is a destabilization of Ca homeostasis leading to increases in spontaneous SR Ca 2+ release, spontaneous Ca wave formation, and propensity for arrhythmogenic delayed or early after depolarizations [12;64-67] . This disruption of the EC coupling machinery reasonably explains why patients with ankyrin-B syndrome suffer from non-reentrant arrhythmias and CPVT, while partially explaining the high rate of AF (see section 3.3 below). While the actual mechanism for the often observed prolongation of the QT interval remains unknown, models point to the Na + accumulation arising from the loss of NCX and Na/K ATPase resulting in slowed or blocked conduction [62] .
AnkB also binds the IP 3 R in a ternary complex with the NCX and Na/K ATPase [26;68]. While no singular function of the IP 3 R in EC coupling is known, an interesting speculation is that it could in part be acting as a "pressure valve" against Ca 2+ overload. A consistent finding in mammalian myocytes is a persistent diastolic SR Ca 2+ leak which is not mediated through the RyR [69] [70] [71] . Since the relationship of Ca 2+ release to [Ca] SRT is highly nonlinear and unstable at very high [Ca] SRT [72] , it has been proposed that under conditions of chronic SR Ca 2+ overload an increased leak could perform the task of unloading the SR of Ca 2+ , stabilizing Ca 2+ release. The IP 3 R has been demonstrated to mobilize SR Ca 2+ stores [73] , and it could be ideally situated to alleviate Ca 2+ overload. As Ca 2+ overload persists, the IP 3 R could open in response, allowing Ca 2+ efflux out of the SR into the cytosol. The preferential localization of the IP 3 R near the NCX in the AnkB complex could quickly mediate Ca 2+ extrusion and attenuate Ca 2+ overload. A test of this hypothesis would be to express an IP 3 R mutant unable to bind AnkB and test whether non-RyR mediated Ca 2+ leak is mitigated.
Ankyrin-B Targets PP2A
In cardiac EC coupling, PP2A is a key regulator of many of the constituent processes [74;75] . This serine/threonine phosphatase regulates channels as diverse as the RyR, the Ltype Ca channel, the IP 3 R and the Na/K ATPase. Recently, AnkB was identified as a binding partner for the PP2A regulatory subunit B56α [47] . In cardiomyocytes, AnkB mediates the localization of PP2A to the Z-lines and M-lines where localization requires the presence of Rho-GEF, obscurin [49] . This localization nicely situates the phosphatase within the same microdomains with potential target substrates. While the PP2A-specific targets within this AnkB complex have yet to be determined, these data extend the prospect that AnkB may play unknown roles in the actual regulation of EC coupling by localizing the phosphatase near its potential substrates.
Extending this possibility, work from Terentyev et al. demonstrated that disruption of B56α signaling in cardiac myocytes leads to increased spontaneous Ca 2+ release from the RyR and arrhythmogenesis [76] . This was shown to be CaMKII-dependent. This is consistent with data from studies by Curran et al. which demonstrated that increases in CaMKII-dependent diastolic SR Ca 2+ leak resulted in a higher incidence of arrhythmogenic spontaneous Ca 2+ waves in both failing and healthy hearts [65] . Taken together, these data open the possibility that AnkB could mediate RyR regulation in the heart via CaMKII where an AnkB association is known [50] . Disrupting PP2A activity in this microdomain may have the effect of chronically increasing phosphorylation levels of the RyR, thereby destabilizing Ca release and making the myocyte more prone to spontaneous Ca release.
Ankyrin-B Deficiency and Sinus Node Disease
Similar to individuals harboring AnkB mutations, AnkB +/− mice display decreased AnkB expression, decreased heart rate, high incidence of AF, highly-penetrant sinus node disease (SND) and risk of sudden death. Recent investigations by Le Scouarnec et al. into the mechanism behind the sinus node abnormalities present in AnkB +/− mice yielded similar results to ventricular myocytes [57] . Similarly, isolated AnkB +/− mouse SAN cells show a 30-40% decrease in both NCX and Na/K ATPase expression, along with a 40% loss of IP 3 R, with a concomitant 50% decrease in I NCX . The atrial voltage gated L-type Ca channel, Ca v 1.3, expression was the same compared to WT SAN cells, but I Ca,L was decreased by 50%, with no observed changes in I Ca,T expression or function. Notably, this differs from ventricular studies where I Ca,L current was unchanged. However, the ventricle almost exclusively expresses the Ca v 1.2 subtype, stressing the specificity of AnkB-mediated protein trafficking and targeting.
Regulation of Ca homeostasis has been demonstrated to be a vital component of SAN pacemaker activity. Deemed the "calcium clock", SR and SL Ca 2+ fluxes can largely determine SAN firing rate [77] . This calcium clock requires the presence of a passive SR Ca 2+ leak. This leak slowly depolarizes the membrane, likely via electrogenic NCX activity, bringing the SL to threshold for AP generation. As in ventricular myocytes, this SR Ca 2+ leak would require maintaining the [Ca] SRT at sufficiently high levels [78] . Disruption of either the underlying Ca 2+ loading or unloading mechanisms (i.e. I Ca,L or NCX) would greatly alter the ability of the SAN to function properly. This dysregulation was evidenced by the extreme rate variability observed in AnkB +/− SAN cells. Overall resting firing rate was depressed in AnkB +/− compared to WT, and the cells are prone to sudden bursts of hyperactivity. This high variability was exacerbated by the beta-adrenergic agonist isoproterenol.
This work was followed up by an elegant study by Glukhov et al using whole atrial preparations isolated from AnkB +/− mice [5] . They showed the same large rate variability seen in SAN cells. Intriguingly, there were two competing loci of automaticity in this preparation. At varying times the SAN was outcompeted by the atrioventricular junction (AVJ), typically the secondary pacemaker of the heart. Presuming that similar rate variability present in the SAN cells is also present in AVJ cells, this would suffice as a plausible and simple mechanism for the junctional escape rhythm observed in humans with AnkB mutations.
Ankyrin B Regulates K ATP Channel Expression and ATP-sensitivity
The ATP-sensitive potassium channel is involved in a cardioprotective response to ischemia/ reperfusion injury [79] . During ischemia, ATP production decreases and the K ATP channel opens. This results in an increased outward hyperpolarizing current and an abbreviated APD, thereby conserving energy. Recently, the K ATP channel was found to directly associate with AnkB in cardiomyocytes through the α-subunit Kir6. 2 [40;80] . In isolated AnkB +/− myocytes, K ATP channel expression was downregulated and I K,ATP was decreased under conditions of metabolic distress. While the K ATP channel has a limited role in EC coupling in a healthy myocyte, this downregulation could limit the available repolarization reserve during ischemia; thus impairing the proper cardioprotective response.
Furthermore, the K ATP channel has been shown to be dysregulated in pancreatic beta cells isolated from AnkB +/− mice [80] [81] [82] . In pancreatic tissue, K ATP channel activity is intimately involved in insulin secretion. In fact, a human mutation in the AnkB binding motif of Kir6.2 (E322K) has been recently linked to permanent neonatal diabetes mellitus [83] . This again highlights the importance of ankyrin-mediated protein trafficking and retention as being critical in a number of excitable tissues.
One of the most exciting findings in ankyrin research in the last 10 years came out of work by Kline, Kurata, and Li. Specifically, they demonstrated a new role for ankyrin-B in ion channel regulation. This work clearly implicates AnkB binding in the regulation of K ATP channel ATP sensitivity [40;80]. In AnkB +/− mice, the K 50 for ATP of the channel is significantly higher. This right shift in sensitivity was accompanied by an increased open probability of the channel in the absence of ATP. As there is an overall loss of I K,ATP observed in these mice, this increase in open probability may be a compensatory mechanism. The data demonstrates for the first time that ankyrin polypeptides not only act as targeting proteins, but are involved in regulating the activity of their substrates. This is a critical finding. Future therapies using based on ankyrin interactions may very well be able exploit this to alter channel function.
Ankyrin G: Brugada Syndrome, Na v 1.5 Regulation, and the β IV -spectrin Complex
AnkG is highly expressed in cardiac tissue and is largely localized to the intercalated disc where it associates with the Na v 1.5 channel [16;42] . In vertebrate cardiac physiology, the proper expression, localization and regulation of the Na v 1.5 are all critical for efficient cardiac function. Mutations in the Na v 1.5 gene (SCN5A) are linked to inherited arrhythmias, Brugada syndrome and LQTS 3 [84] . The vast majority of these mutations cause alterations in the biophysical properties of the channel. However, a particular mutation in SCN5A (E1053K) results in the disruption of the Na V 1.5 AnkG binding motif. This alters Na v 1.5 targeting and localization at both the intercalated disc and T-tubule domain; causing a unique form of Brugada syndrome, sick sinus syndrome and conduction defects [42;85].
Intriguingly, Na v 1.5 E1053K mutant channels also show altered biophysical properties. Specifically, a shift in the activation potential to more negative potentials, faster inactivation, and a slower time to recovery were all observed in the mutant channel [42] . Taken together with the work by Kline and Li this is compelling evidence that ankyrin polypeptides not only mediate the proper localization of their various binding partners, but could simultaneously play a role in regulating their activity [40] .
β IV -spectrin is an actin-associated polypeptide that binds AnkG and has been shown to be important for normal localization of AnkG and Na v channels in neurons [86] . Recently, Hund and colleagues identified an important role for a β IV -spectrin/AnkG based complex in regulating Na v 1.5 and cell excitability at the cardiomyocyte intercalated disc [7] . Specifically, the authors showed that β IV -spectrin is expressed at the cardiomyocyte intercalated disc region with AnkG, Na v 1.5 and the multifunctional Ca2+/calmodulindependent protein kinase II (CaMKII), which is known to regulate Na v 1.5 activity (Figure 3 ) [87] . Interestingly, β IV -spectrin harbors a C-terminal amino acid sequence with high homology to validated CaMKII binding motifs in the β 2a subunit of Ca v 1.2 and the NR2B subunit of the NMDA receptor as well as to the CaMKII autoregulatory domain itself. Hund et al. showed that β IV -spectrin binds directly to CaMKII via this C-terminal motif and forms a quaternary complex with AnkG, Na v 1.5 and CaMKII in vivo. Furthermore, they found that spectrin-based regulation of Na v 1.5 occurred through direct phosphorylation of the channel by CaMKII at S571 in the DI-DII linker domain.
Using a spontaneous mouse model that expresses mutant β IV -spectrin lacking the CaMKII binding domain (qv 3J ), the authors demonstrated that the βIV-spectrin/CaMKII interaction was necessary for normal Na v 1.5 regulation and cell excitability in heart. CaMKII-dependent phosphorylation results in an increased persistent late I Na in WT myocytes not present in those from qv 3J mice. This effect was greatly exaggerated in myocytes stimulated with the β-agonist isoproterenol. Decreased channel availability at nearly all potentials, and a significant depolarizing shift, were also observed in the S571 phosphorylated channel. Furthermore, the WT mice showed a significantly higher propensity to develop EADs and arrhythmia versus the qv 3J mice. The authors attributed this effect to the lack of the late persistent I Na in these mice. Similar to the AnkB +/− effect on [Na + ] i (section 3.1 above), a persistent late I Na would lead to Na accumulation and increased SR Ca 2+ loading. The resultant increase in [Ca] SRT would destabilize RyR regulation leading to spontaneous Ca 2+ release. The resultant increase in I NCX could depolarize the membrane, causing the observed EADs. Notably recent work using a mouse model overexpressing CaMKII demonstrated a strikingly similar phenotype, including the increase in late persistent I Na [88] . This work again stresses how ankyrin polypeptides bring together various electrical components of EC coupling and their regulatory enzymes.
Regulation of Ankyrin-B Expression
Over the last decade, much of the work regarding ankyrin polypeptides has focused on their role in the subcellular localization and trafficking of integral membrane proteins. However, recent investigations are detailing how ankyrin polypeptides themselves are localized, trafficked and differentially expressed in the myocyte; particularly, ankyrin expression changes in response to myocardial infarct (MI), a period when active electrically remodeling of the heart is known to occur.
The border zone (BZ) area of an infarct in the heart is observed as an initiation site of nonreentrant arrhythmias [89] . This arrhythmogenic circuit is associated with the redistribution of ion channels and transporters in the SL membrane, many of which are binding partners of ankyrin polypeptides [90] . For this reason, Hund et al. hypothesized that the BZ would be an active site of electrical remodeling involving ankyrin-B. After isolating myocytes from within the BZ and comparing ankyrin expression to remote (unaffected by MI) areas of the heart, striking differences were apparent. At 5 days post-MI AnkB expression was significantly down-regulated in the BZ, while AnkB mRNA was increased in BZ tissue with no differences in remote myocardial tissue. By 14 days post-MI AnkB expression and mRNA levels in the BZ had returned to normal [91] .
The loss of AnkB in the BZ was accompanied by a simultaneous decrease in Na/K ATPase expression and changes in its localization. This was persistent at 5 and 14 days post-MI, and returned to normal expression levels after 2 months. Interestingly, NCX and IP 3 R expression were not altered; however, gross redistribution away from their normal T-tubular junction localization was observed. This difference may represent divergent AnkB-dependent expression patterns for these functionally related proteins and warrants further investigation. Furthermore, this remodeling seems to be AnkB-specific, as no changes in the major cytoskeletal binding partner, β 2 -spectrin, were detected. For much the same reasons detailed above (section 3.1), this AnkB-dependent remodeling could lead to SR Ca 2+ overload and increased propensity for spontaneous, arrhythmogenic SR Ca 2+ release.
An additional role for AnkB mediating PP2A expression was also observed. Previous data has shown that transgenic expression of a mutant B56α unable to bind PP2A results in increased PP2A expression [92] . Further, PP2A overexpression has been shown to induce dilated cardiomyopathy [93] . In myocytes isolated from the BZ, PP2A expression was greatly increased during the same time period containing the downregulation of AnkB, an aforementioned binding partner of B56α (see section 3.2) . This leads to the seductive possibility that AnkB downregulation may lead to structural as well as electrical remodeling of the heart and is a topic of further investigation.
Yet, for all that is now known and being investigated regarding the role of ankyrin polypeptides in the electrical stability of a cardiomyocyte, practically nothing is known about how ankyrin polypeptides themselves are trafficked and properly localized. In fact, the field completely lacks the knowledge of the identity of any critical, mediating membrane trafficking proteins. So, how do ankyrin polypeptides get to where they need to be in the cardiomyocyte?
Very recent data has emerged which begins to answer this question. Gudmundsson et al. presented exciting data in support of the hypothesis that a unique family of Eps15 homology domain-containing (EHD) proteins are required for proper ankyrin trafficking [94] . EHD proteins regulate anterograde and retrograde endosomal trafficking, membrane protein recycling and lipid homeostasis in many cell types [95;96] . This work identifies four members of EHD gene products (EHD1-4) expressed in the heart, and found a particular importance of EHD3 involvement with proper AnkB and NCX trafficking.
This work demonstrated that EHD1-4 all associate with AnkB in the heart. These EHDs are coexpressed in the perinuclear region of the myocyte, suggesting that they may be involved in the intracellular chaperoning of AnkB. Loss of AnkB (AnkB +/− and AnkB −/− ) resulted in an increased expression of all EHDs, perhaps a compensatory mechanism in an effort to increase AnkB localization. This is the first known ankyrin-associated protein that is not negatively regulated by ankyrin expression. Interestingly, the interaction of EHDs with AnkB was mediated through the coiled-coil region of the EHD rather than the Eps15 homology domain itself. Classically, EHD proteins are were thought to interact with their targets at this highly conserved Eps15 homology domain. This opens the possibility that EHDs in general may act in a more diverse way than is currently appreciated.
Gene silencing experiments revealed that EHD3 is responsible for AnkB expression and localization. Similarly, EHD3 deficient cells displayed gross abnormalities in the localization of NCX, however expression remained the same. The expressed NCX protein was confined to the perinuclear region. As expected in AnkB −/− cells, both NCX expression and I NCX were down-regulated. While overexpression of EHD3 in WT mice was able to increase I NCX , no rescue was observed in AnkB −/− cells overexpressing EHDs. This is the first evidence that EHD3 is required for the proper localization of NCX. It is notable that this EHD3/AnkB system exhibits specificity. No changes in the expression or function of Ca v 1.2 (known to localize and express independently of AnkB) were observed when EHD3 was silenced. This is the first, direct evidence of a functional role of EHD3 in cardiomyocyte membrane trafficking and proper expression of AnkB.
Perhaps the most exciting finding was the differential regulation of EHD3 post-MI. In line with the time course observed for AnkB expression post-MI, EHD3 expression was significantly increased in BZ myocytes as early as 48 hour post-MI. EHD3-4 expression remained increased at 5 days post-MI, the same time period observed to have loss of AnkB expression. No changes were observed in EHD1 or EHD2. No changes in expression of EHD1-4 were observed in myocytes isolated from tissue remote to the MI. This is compelling evidence that EHD3 and EHD4 are involved in the electrical (and perhaps structural) remodeling of the heart post-MI, particularly with the restoration of AnkB expression and localization. An immediate question to be answered is whether the same might be observed in other states of cardiac remodeling-such as athletic hypertrophy, chronic hypertension or congestive heart failure.
Expert Opinion
First characterized in erythrocytes, ankyrin polypeptides were thought to play a structural role by linking integral membrane proteins with the underlying spectrin-based cytoskeleton. Over the last 25 years, ankyrin polypeptides have been demonstrated to be expressed in tissues as diverse as the eye, pancreas, neuron, and skeletal and cardiac muscle. They are near ubiquitously expressed and always serve a critical structural function. Emerging evidence over the past 15 years has highlighted the critical importance of ankyrin-mediated expression and localization of integral membrane proteins in excitable and non-excitable tissues. Mutations affecting the ability of these proteins to properly bind to ankyrin lead to diseases like Brugada syndrome, neonatal diabetes and hemolytic anemia. These diseases highlight the importance of proper subcellular localization of electrical components within a cell.
We are now aware of several mutations in ankyrin genes that are the primary cause of many vertebrate phenotypes. Mutations in ANK2 cause decreased expression and abnormal localization of the AnkB protein. These single point mutations can have devastating effects on the electrical stability of excitable cardiac tissues within the carrier [54] . A single mutation in AnkB has been demonstrated to lead to what is now known as "ankyrin-B syndrome." This disease is characterized by the presence of type 4 long QT syndrome (unique to the AnkB mutation), sinus node sickness, arrhythmia, CPVT, and potenially sudden death. Notably, ankyrin-B is expressed in a number of cell types beyond heart and mice lacking ankyrins display a number of non-cardiac phenotypes including metabolic dysfunction, neurodegenerative disorders [97] , early senescence, possible stem cell dysfunction, and kyphosis [82] . This wide diversity of pathologies emphasizes the critical importance of ankyrin polypeptides in an equally wide diversity of cell and tissue types. While knowledge of how ankyrins mediate cardiac and neuronal electrical signaling is expanding, little work in other tissues types has been demonstrated.
With this expanding knowledge comes the possibility for new therapies based on manipulation of ankyrin levels and/or activity. A potentially new and exciting avenue of approach was highlighted in the work of Kline and Kurata [40; 80] . They were able to demonstrate that the K ATP channel's response to ATP is actually regulated by binding of AnkB. This opens up the possibility of being able to exploit the property of this proteinprotein interaction and pharmacologically alter channel function. Work to further characterize the site of interaction on both proteins is a point of interest. Then, in theory, a small peptide could be synthesized which mimics this binding interaction, thus restoring proper channel function independent of AnkB. These strategies might produce therapeutic results for cardiac arrhythmia, but also have ramifications on other disease states such as hypo-or hyperinsulinemia, or enhancing cardioprotection during ischemia/reperfusion. Speculatively, these protein-protein regulatory sequences need not be limited to the K ATP channel. Similar sites could be mapped on other ion channels and exploited for an increasing number of disease states.
The toughest challenge facing the development of therapeutic approaches to ankyrin-based diseases is that ankyrins are complex and multifunctional proteins. This means that a single mutation in the ANKx gene leads to the disruption of multiple cellular proteins at once. Further complicating this issue, ankyrins are widely expressed in nearly all tissue types. No subtype specificity for any tissue is known, i.e. heart expresses all three ankyrin subtypes as do neurons, etc.
This idea of manipulating ion channel and exchanger trafficking immediately calls to mind the data of Gudmundsson et al [94] . Two immediate questions to be answered are: 1) are EHDs involved in cardiac electrical and structural cardiac remodeling during CHF, and 2) can EHD proteins be manipulated pharmacologically? If so, can this be used to attenuate the remodeling? Vice versa, can EHDs be used to hasten the recovery from myocardial infarct? The discovery of EHDs in cardiac remodeling could prove vastly important in the years to come. While much work remains to be done exploring these proteins, the potential promise for therapies is striking.
Future Directions
While much has been learned regarding the function of cardiac ankyrin polypeptides over the past 10 years, many questions remain. Of note, the pathways for AnkB loss/degradation post-MI have yet to be explored. While this idea has not been directly addressed, evidence from other studies in heart and neurons suggests that the Ca 2+ activated protease, calpain, may play a significant role [98;99] . Investigations into the possible regulatory role of ankyrin polypeptides by calpain post-MI may offer further therapeutic targets. Cardiacspecific inhibition of calpain could, in theory, attenuate electrical and/or structural remodeling associated with AnkB loss.
Additionally, there is little knowledge regarding the role of AnkR in the heart. While it is known to be expressed and serve as a structural component in cardiac muscle, little else is known [36] . Intriguing data have linked a splice variant of ANK1 to SR expression in striated muscle [100] . This opens the possibility that AnkR could localize to the SR junctional microdomain in cardiomyocytes. This domain is an important component of EC coupling in the heart. Understanding a role for AnkR within it would further our understanding of this critical domain.
The province of the ankyrin family of adapter proteins has expanded over the last three decades from purely a structural protein to a primary player in the electrical stability of excitable tissues. With each incremental step forward, our knowledge of this unique family of proteins is offering unpredicted, exciting and novel avenues for therapies. As this field of research expands, the next 10 years should prove equally exciting. Diagram detailing the AP wavefront of a single contraction in a cardiac myocyte and the relative contributions of the pertinent ionic currents. The rapid upstroke in the E m is largely facilitated by the opening of the voltage gated Na-channels. Secondary to this, voltage-gated Ca channels also assist in depolarization. As the membrane further depolarizes, voltage gated K-channels open allowing an outward polarizing current to pass. The balance of these depolarizing and polarizing currents is represented in the AP plateau. As the depolarizing channels slowly begin to deactivate, the K-channels start to dominate and quickly repolarize the cell to its resting E m . The relative strength of each current is represented by the thickness of the arrows at each variable stage of the AP. Ankyrin-G expression at the intercalated disc in the cardiac ventricular myocyte. AnkG binds to DII-DIII loop of the alpha-subunit of the Na v 1.5 channel. This interaction is critical for proper localization of the Na v 1.5 channel to the intercalated disc. AnkG binds to the cytoskeletal protein β IV -spectrin. In turn, β IV -spectrin binds to CaMKII near its carboxy terminus. The localization of CaMKII to this microdomain in the intercalated assures normal Na V 1.5 activity, as lack of CaMKII-dependent phosphorylation at S571 in the DI-II loop alters the activity of the channel.
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